A photonic crystal fiber (PCF) with embedded coupler is demonstrated for strain measurement. The embedded coupler is constructed by the selective filling of one of the air holes in the PCF. Light propagated in the fiber core can be efficiently coupled to the liquid-filled rod waveguide under phase-matching conditions, resulting in sharp decreasing of resonant wavelength intensity. The highest strain sensitivity is calculated to be ∼23.8 pm∕με due to the coupling between core mode and fundamental mode of the liquid rod, when the refractive index (RI) of the liquid is 1.46. With the increase of the RI, the resonance can also be observed between the core mode and the higher-order modes of the liquid rod, whereas the strain sensitivity drops to ∼6.4 pm∕με. The experimentally obtained static strain sensitivity values are ∼22 and ∼3.8 pm∕με for the coupling between the core mode and the fundamental mode or linearly polarized LP 11 modes of the liquid rod, respectively, which are in good agreement with the simulations. The dynamic strain measurement resolution obtained is ∼1.2 nε∕Hz 1∕2 .
Highly sensitive strain measurement by use of optical fiber sensor has been attractive in many applications such as structural health monitoring, aerospace, and nanotechnology. Such a measurement can be achieved in an active or a passive sensing scheme. A representative of an active optical fiber strain sensor with extremely high sensitivity is based on laser-frequency modulation technique, which has a detection limit of ∼pε (10 −12 ε) or lower [1, 2] . However, such a system is rather complex. By contrast, a passive sensing scheme is simple, in which fiber interferometers, fiber Bragg gratings (FBGs), and long-period fiber gratings (LPFGs) are widely used, and the sensitivity achieved is typically below 3 pm∕με for a fiber Mach-Zehnder interferometer [3, 4] , ∼1 pm∕με for an FBG [5, 6] , and ∼10 pm∕με for an LPFG [7] .
Recently, optical fiber sensors based on selective infiltration of a photonic crystal fiber (PCF) have been proposed for temperature sensing with extremely high sensitivity up to a few tens of nm∕°C, representing a new way of achieving ultrasensitive measurements [8] [9] [10] .
In this Letter, we propose and demonstrate an ultrasensitive strain sensor based on PCF with embedded coupler structure, formed by selectively filling one of the PCF air holes with refractive index (RI) liquid by use of a femtosecond (fs)-laser-assisted selective infiltration method reported previously [9] . The liquid rod created acts as a waveguide, which, together with PCF fiber core, essentially forms an embedded coupler. By simply changing the RI of the infiltrated liquid, the coupled modes of the device can be selected between the PCF core mode and the fundamental mode or higher-order mode of the liquid rod. The static strain sensitivity obtained in the experiment is ∼ −22 pm∕με for the coupling between the PCF core mode and the fundamental mode of the liquid rod, which agrees well with the simulation result of −23.8 pm∕με and is superior to that of other passive strain sensing schemes.
The cross-section view of the PCF with embedded coupler is shown in Fig. 1 . One of the air holes in the cladding of the PCF (LMA-10, NKT Photonics) is filled with standard RI liquid (Cargille Laboratories, Inc.). In principle, any air hole in a PCF can be infiltrated to form a liquid rod waveguide. However, different infiltrated air holes lead to different coupling lengths. The operating principle of the proposed sensor can be explained by coupled-mode theory for the directional coupler. The coupling length of the device at a given wavelength is given by L Fig. 1 ) [11] .
Numerical simulations based on the finite element method (FEM) were performed to quantitatively characterize the PCF with embedded coupler, with hole diameter d 3.06 μm, hole-to-hole spacing Λ 6.46 μm, Poisson's ratio ν 0.17, and axial photoelastic coefficient C z −0.27. Here the liquid rod was assumed to be not perturbed by axial strain. Moreover, dispersions of fused silica and RI liquids were considered according to the Sellmeier's formula and Cauchy's formula, respectively. Although the Cauchy's formula is precise only for wavelengths between 400 and 700 nm, we can extropolate them into the near-IR region with resonable accuracy since the RI liquid used in the experiment exhibits low dispersion. Figure 2 (a) shows the phase-matching curves of the linearly polarized (LP) PCF core mode (core LP 01 ) and the fundamental mode of the liquid rod (rod LP 01 ), both in y polarization, at the temperature of 30°C, with the hole filled with 1.46 RI liquid as shown in Fig. 1 . A resonant wavelength of ∼1485 nm can be determined in Fig. 2(a) with the help of the auxiliary gray dashed lines in the avoided crossing region (marked with green lines in Fig. 2) where the modes existed cannot be identified as the core or the rod modes. This resonance originates from the coupling between the even and odd hybrid modes, and the even mode has a higher effective index than the odd mode over the avoided crossing. By applying an axial strain of 500 με, the resonant wavelength shifts to 1471.6 nm and a strain sensitivity of −23.8 pm∕με can be obtained. The calculated coupling length is 18.7 mm. The coupling length and the strain sensitivity for x-polarized modes are nearly the same as those of the y-polarized modes. If the location of the infiltrated hole (with the same RI liquids) changes, the strain sensitivity maintains while the coupling length varies. Moreover, a smaller core-to-rod spacing results in a shorter coupling length.
The PCF core mode can also coupled into a higherorder mode of the liquid rod provided that the air hole is filled with appropriate RI liquid. For instance, the resonance between the core mode and the LP 11 mode of the liquid rod can be observed in the near-IR wavelength region by filling the air hole with liquid of RI of ∼1.50. Figure 2 (b) displays the phase-matching curves of core LP 01 and rod LP 11 modes, which include TE, TM, and hybrid electromagnetic (HE) modes. Note that the phase-matching curves of x-polarized modes (the combinations of LP 01x , HE 21x , and TE 01 modes) are not shown in Fig. 2(b) for clarity. Resonance I denotes the coupling between the core LP 01y and rod HE 21y modes, while the coupling between the core LP 01y and rod TM 01 modes is denoted as Resonance II. The coupling lengths for Resonance I and II are calculated as 29.0 and 27.8 mm, respectively. For the coupling between LP 01x and HE 21x and between LP 01x and TE 01 , the corresponding coupling lengths are 30.1 and 30.7 mm, respectively. The strain sensitivities for all the mode combination cases mentioned above are calculated as ∼5.9 pm∕με.
In the experiments, PCF (LMA-10) was infiltrated following the procedures reported in [9] . After infiltration, both ends of the selectively infiltrated PCF were cleaved and fusion spliced with single-mode fibers (SMFs). Standard 1.46 RI and 1.506 RI liquid were used in the experiment, of which the temperature-RI coefficients are −3.89 × 10 −4 and −4.02 × 10 −4 refractive index unit∕°C, respectively. An optical spectrum analyzer and a broadband light source (1250-1650 nm) were used to observe the transmission spectra of the infiltrated PCFs, and a high-precision column oven was used to stabilize the environment temperature of the device in the accuracy of 0.1°C.
Two PCF samples with the infiltrated hole as shown in Fig. 1 were fabricated: sample I was filled with 1.46 RI liquid and had a length of ∼26 mm, and sample II was filled with 1.506 RI liquid and had a length of ∼37 mm. Initially, no clear dips but only broad lossy bands were observed in the transmission spectra due to the relatively long infiltrated length. Thus, the samples were cut back to close to their coupling lengths to suppress the overcoupling effect.
Sample I was kept in a column oven at 31.3°C to observe the transmission dip in the wavelength region of the light source. After a 10 min period of temperature stabilization, sample I was stretched along the fiber axis to introduce the axial strain. It can be found from Fig. 3(a) and its inset that the resonant wavelength experiences a blueshift with the increase of strain and there is a linear relationship between the resonant wavelength and the axial strain applied. The average strain sensitivity obtained is ∼ −22 pm∕με, while the largest resonant dip depth is >20 dB, with an insertion loss of ∼11 dB, mainly due to the fusion splicing of PCF and SMF. Figure 3(b) demonstrates the strain sensing characteristics of sample II, which was maintained at 25°C in the column oven.
The average strain sensitivity obtained is ∼3.8 pm∕με. The inset of Fig. 3(b) shows the transmission spectra of sample II at different strain values. The resonant dip around 1500 nm is due to the coupling between the PCF core LP 01 and rod HE 21 modes, while the other one around 1520 nm is due to the coupling between the core LP 01 and rod TE 01 and TM 01 modes. According to [12], the detection limit of samples I and II are calculated as 34 and 22 με by assuming a signal-to-noise ratio (SNR) of 60 dB.
The strain sensitivity obtained in our device is one order higher than that of fiber interferometer and FBG and two or three times larger than that of an LPFG, which can be further enhanced if appropriate RI material can be utilized, as long as the slope of the rod mode dispersion is close to that of the silica core dispersion.
The dynamic strain resolution was also investigated by employing a tunable laser, a photodiode, and an electric spectrum analyzer. Sample II was fixed onto a piezoelectric actuator and kept in a column oven. The dynamic strain applied was 8.3 με, with frequency varied from 100 to 1000 Hz. The Fourier transform of the output at 1000 Hz is shown in Fig. 4 , where the resolution bandwidth is 5 Hz and the SNR is over 70 dB, which gives a dynamic strain resolution of ∼1.2 nε∕Hz 1∕2 . The device is also highly sensitive to temperature. The temperature sensitivities for samples I and II are measured as ∼58 nm∕°C and ∼11 nm∕°C, respectively. Thus, the strain measurement should be implemented in a constant temperature environment.
In conclusion, we have demonstrated a strain sensor based on a PCF with embedded coupler, fabricated by use of an fs-laser-assisted selective infiltration technique. A high strain sensitivity of ∼ −22 pm∕με is obtained for the coupler operated with the PCF core mode and the fundamental mode of the liquid rod, which is in good agreement with the FEM simulation results and is one order higher than that of conventional FBG and fiber interferometer. Such a device has high potential in ultrasensitive strain measurements. 
